peptide-reactive MAbs were not blocked by native virus particles in the competition ELISA, indicating that they do not recognize the native conformation of the E protein. These three MAbs also showed increased reactivity with denatured forms of the virus in a dot blot assay. Additionally, they reacted only in ELISA systems in which the virus was directly coated to the solid phase and thereby presumably partially denatured, but not when a capture antibody was used, which preserves the native antigen conformation. We have thus identified two classes of MAbs, those which recognize the native form and those which recognize the denatured form of protein E. The latter may be useful for the analysis of sites probably involved in protein folding and oligomerization.
Tick-borne encephalitis (TBE) virus is a human pathogenic member of the genus flavivirus within the family Flaviviridae. It is the causative agent of the clinically most important arthropod-transmitted disease in Europe. Mature virions contain three structural proteins: C (capsid), M (membrane) and E (envelope). The envelope glycoprotein E (55K) is the viral haemagglutinin and is believed to be involved in receptor binding and membrane fusion, and plays a central role in the induction of a protective immune response. The elucidation of its structural and functional organization represents a key to the understanding of virus entry, assembly and release, as well as immune protection.
During the course of our research, a structural model of the TBE virus E protein has been established (Mandl et al., 1989) . In this model the polypeptide chain is organized into distinct protein domains which correspond to three antigenic domains (A, B and C) defined by monoclonal antibodies (MAbs). Domain A is composed of discontinuous sequence elements, which in part are stabilized by disulphide bridges, and contain several neutralization epitopes. Domain B can be isolated by trypsin treatment of the native protein, contains a single disulphide bridge, and also carries neutralization epitopes. Antigenic domain C seems to be confined to a single hypervariable loop, carries a carbohydrate side chain and is defined by six epitopes of non-neutralizing MAbs. Most of the MAb-defined epitopes are conformation-dependent (Guirakhoo et al., 1989; Mandl et al., 1989) . In particular, the epitopes of antigenic domain A, which elicit antibodies with the highest specific activities with respect to haemagglutination inhibition and/or neutralization, are highly denaturation-sensitive. Three epitopes (A3, A4 and A5) are destroyed by SDS treatment alone, whereas all five epitopes of domain A are sensitive to acid pH exposure as well as reduction and carboxymethylation. Also, four of the five epitopes of domain B are dependent on the presence of a single disulphide bridge. Some of the nonneutralizing MAbs, however, bind even to completely denatured protein E. This led to the speculation that these MAbs may recognize linear epitopes.
In recent years, chemically synthesized oligopeptides have become popular tools for the identification of continuous epitopes in viral and other proteins (Geysen et al., 1984; Norrby et aL, 1987; Pfaff et al., 1988;  (Mandl et al., 1989) . Snijders et al., 1991) . Synthetic peptides have also been applied repeatedly for the study of flavivirus antigenic structure (Roehrig et al., 1989 (Roehrig et al., , 1990 Markoff et al., 1988; Innis et al., 1989) . With one exception (Markoff et al., 1988) , MAbs raised against native virus usually did not bind strongly to synthetic peptides, suggesting conformational differences between the peptides and the native E proteins. In another case when binding was observed (Aaskov et al., 1989) , it did not appear to be highly specific, since the same MAb reacted with different non-overlapping peptides. Using the TBE virus E protein model as a basis, we have assessed the synthetic peptide approach for the identification of individual epitopes with the aim of obtaining new information on the antigenic structure of this protein.
For this purpose, a series of synthetic peptides covering the majority of sequences of protein E (TBE virus strain Neudoerfl) was prepared by simultaneous multiple solidphase peptide synthesis using t-Boc chemistry as described (Houghten, 1985) . The length of the peptides varied between 12 and 27 amino acids (Table 1) . Side chain deprotection and cleavage were achieved by the low-high hydrogen fluoride procedure (Tam et al., 1983) . The peptides were cleaved from the resin in a multi-vessel apparatus (Houghten et al., 1986) . After lyophilization the peptides were dissolved at a concentration of 1 mg/ml either in sterile distilled water or, depending on the number of acidic or basic residues, adjusted to the appropriate pH by the addition of carbonate buffer pH 9"6 or 1 M-acetic acid. Each of the peptides was then tested in an ELISA system with a set of 19 protein E-specific MAbs raised against strain Neudoerfl, termed A1 to A5, B1 to B5 and C1 to C6, corresponding to the antigenic domains A, B and C, and il to i3 corresponding to three isolated epitopes. Their preparation, as well as their functional and antigenic properties were described previously by Guirakhoo et al. (1989) . Peptides in carbonate buffer pH 9'6 were coated overnight at 4 °C onto 96-well microtitre plates (Nunc) at a concentration of 20 ~tg/ml (50 ~tl/well). The wells were emptied and then incubated for 2 h at 37 °C with ascitic fluids diluted to a standard MAb concentration of 100 ~tg/ml in PBS pH 7.4 containing 2 % Tween 20 and 2 % sheep serum. Peroxidaselabelled rabbit anti-mouse IgG (Nordic) was employed as detecting antibody (2 h at 37 °C). The rest of the assay was carried out according to procedures described earlier (Heinz et al., 1983) . Two different polyclonal mouse anti-TBE virus hyperimmune sera (1:20 and 1 : 100 dilutions), one negative mouse serum and two TBE-negative ascitic fluids were included as controls. The individual A~92 values were scored as: (+), 0.25 to 0-5; +, 0.5 to 1.0; ++, 1.0 to 2"0; +++, >2.
Specific reactivity of MAbs was observed only with two out of 19 peptides (peptide 1, representing amino acids 1 to 22, and peptide 12, representing amino acids 221 to 240 of the E protein; Table 2 ). Peptide 1 reacted with MAb il, and peptide 12 with MAbs B5, i3, and, to a lesser extent, with MAb C1. None of the other 15 MAbs reacted with any of the peptides. By the reaction of MAb il with peptide 1, epitope il was located within the first 22 N-terminal amino acids. The reactivity pattern of peptide 12 was surprising. It is part of antigenic domain A, but mutual blocking in competitive binding tests had not been observed between the peptidereactive MAbs i3, B5 and C1 and any of the domain A- reactive MAbs. In the case of MAb A4, a mutation leading to neutralization resistance was even shown to be located within the sequence of peptide 12 (amino acid exchange from glutamine to lysine at position 233; Mandl et al., 1989) . It was also striking that the same three MAbs (B5, il and i3) that reacted strongly with peptides, in contrast to all other MAbs, recognized the virus in ELISAs only when it was directly coated to the solid phase, and not when a catching antibody was used.
Since it is known that the direct coating of the antigen to the solid phase can lead to partial denaturation (Friguet et al., 1984; Hollander & Katchalski-Katzir, 1986; Jemmerson, 1987; Jemmerson & Blankenfeld, 1989) , we hypothesized that the observed discrepancies might be due to the recognition of different conformational forms of the same sequence element. To address this further, dot blot assays were performed with native and denatured forms of the E protein. Untreated, 2 % SDS-treated, and reduced and carboxymethylated TBE virus (Guirakhoo et al., 1989) was dotted onto nitrocellulose (0"01 lag and 0.1 lag/dot). The nitrocellulose was blocked overnight at 4 °C with PBS pH7.4 containing 2% BSA, washed for 15rain in washing buffer (100 mM-NaC1, 20 mu-Tris-HC1, 0"3 % Tween 20 pH 7-4) and then incubated at room tern- * R e l a t i v e p e a k area. t R a t i o o f t r e a t e d to u n t r e a t e d virus. perature (RT) for 60 min with either 1 : 1000 MAb ascitic fluid dilutions or 1:10000 polyclonal mouse anti-TBE hyperimmune serum dilutions in blotting buffer (100 mMNaC1, 20 mM-Tris-HC1, 5 % fetal calf serum, 5 % low fat milk powder, pH 7.4). After washing, peroxidase-labelled rabbit anti-mouse IgG was added for 60 min at RT, followed by a third washing step. For the development of the test a chemiluminescence system (ECL Kit, Amersham) was used as recommended by the manufacturers. The intensity of the individual dots was determined by densitometry at 578 nm. MAbs A3, B2 and C3 as well as polyclonal mouse anti-TBE hyperimmune serum were included as controls. The results are presented in Table 3 . As expected, the conformation-dependent MAbs A3 and B2 reacted less or not at all after this treatment. In contrast, MAbs B5, il, i3 and C1 exhibited a stronger reactivity with the denatured forms (the ratios of treated to untreated virus varied from 2.7 up to more than 17.5). To a somewhat lesser extent, MAb C3 also reacted more strongly with the denatured forms (ratios 3.7 and 3.1). No differences in the binding pattern were observed with the polyclonal mouse immune serum.
To determine further the specificity of our set of MAbs for native or denatured protein E, a competition ELISA was performed in which the MAbs were preincubated with native TBE virus before they were added to TBE virus coated to the solid phase. Dilutions of MAb ascitic fluids were preincubated for 2 h at 37 °C with different amounts of purified virus particles (final concentrations: 5.0, 3"3, 1.0, 0.33, 0.1, 0"033 and 0.01 pg/ml). The MAb-virus mixture (50 lal) was then placed on ELISA plates coated in the usual manner with 1 lag/ml of purified TBE virus preparations. Again, peroxidase- labelled rabbit anti-mouse IgG (Nordic) was employed as detecting antibody (1 h at 37 °C) as described (Heinz et al., 1983) . All of the MAbs, except B5, il and i3 were blocked by the native virus. Fig. 1 shows the reactivity of MAbs i2 and A4 as examples. However, these two conformationdependent MAbs were not blocked when synthetic peptides 1 and 12 were used as competitors. The same competition pattern was also observed with MAb C 1. In contrast, the binding of MAb i 1 was blocked by peptide 1, and that of MAbs i3 and B5 by peptide 12 (Fig. 1) .
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Taken together, these results demonstrate that the peptide-reactive MAbs il, i3 and B5 recognized epitopes which were present only on denatured forms of the virus. These forms are apparently also produced when the virus is coated to the solid phase. Therefore, it seems likely that during the immunization process denatured forms of the virus were also presented to the host (Jemmerson, 1987; Scibienski, 1973) , eliciting some MAbs directed against a non-native form of the viral protein.
It was not clear why the reactivity of MAb C1 in the dot blot assay increased when denatured forms of TBE virus were used, since the competition ELISA showed that MAb C1 was blocked by the virus but not by peptide 1, indicating that it recognizes the native conformation. One possibility is that the SDS treatment or reduction had an effect on other domains that were not directly involved in antibody binding, but which allowed the antigenic determinant recognized by MAb C1 to become more exposed.
Consistent with their conformation dependence, none of the neutralizing MAbs (A3 to A5, i2, B1 and B4) reacted with any of the peptides in the synthetic peptide ELISA. This has also been shown for the majority of epitopes of other viruses involved in neutralization (Nestorowicz et al., 1985; Henrickson et at., 1991) . Nevertheless, in certain instances, such as foot-andmouth-disease virus (Pfaff et al., 1988) , human immunodeficiency virus type 1 (HIV-1 ; Javaherian et al., 1989) , and type 2 (Bj6rling et al., 1991), synthetic peptides have been useful also for mapping of neutralization epitopes. In the studies performed with synthetic peptides of HIV-1 it remained unclear, however, to what degree linear as opposed to conformation-dependent epitopes contribute to the overall neutralization of individual virus strains (Warren et al., 1992) .
As most of our peptides were non-overlapping, we cannot rule out the possibility that other epitopes could still be found with other peptides. However, the use of our set of synthetic peptides has allowed us to distinguish between two classes of MAbs, one recognizing the native form and one recognizing a denatured form of the E protein. The identification of MAbs reacting with hidden linear sites could potentially be of value in studying the maturation and oligomeric assembly of the E protein peplomers.
